Transfer RNAs (tRNAs) are transcribed by RNA polymerase III (RNAPIII) and play a 13 central role in decoding our genome. Many DNA tumor viruses enhance the activity of RNAPIII, 14 yet whether infection alters tRNA expression is largely unknown. Here, we present the first 15 genome wide analysis of how viral infection alters the tRNAome. Using a tRNA-specific 16 sequencing method (DM-tRNA-seq), we find that the murine gammaherpesvirus MHV68 17 induces global changes in pre-tRNA expression, indicating that differential tRNA gene induction 18 is a characteristic of DNA virus infection. Elevated pre-tRNA expression corresponds to 19 increased RNAPIII occupancy, but post-transcriptional mechanisms also contribute. Pre-tRNA 20 accumulation, but not RNAPIII recruitment, requires the virally encoded mRNA endonuclease 21 muSOX, suggesting interplay between the different facets of virus-induced gene regulation.
Introduction
from tRNAs can be improved by using the highly processive thermostable group II-intron 134 135 containing reverse transcriptase (TGIRT) (30) and by partial removal of tRNA strong-stop 136 modifications by treating with AlkB demethylases (2, 3). To define the extent of tRNA upregulation genome-wide, we therefore generated sequencing libraries using TGIRT and AlkB-138 treated small RNA (a method called DM-tRNA-seq (3)) in mock versus MHV68 infected MC57G 139 cells. Our analysis pipeline was designed to distinguish reads from pre-tRNAs and mature 140 tRNAs, as our preliminary data with tRNA-Leu and tRNA-Tyr suggested that MHV68 may 141 elevate pre-tRNA but not mature tRNA levels ( Figure 1C ). Reads were first aligned to mature 142 tRNA sequences, which contained predicted tRNA genes from tRNAscan-SE (31, 32) modified 143 by intron removal and the addition of mature -CCA 3' ends, yielding counts for mature tRNAs 144 ( Figure 2A) . The remaining reads were aligned to a masked genome appended with pre-tRNA 145 sequences including intact introns and 50 nt of upstream and downstream flanking sequence.
146
Thus, classification as a pre-tRNA required the absence of a 3' -CCA and the presence of 5' 147 leader, intron, or 3' trailer sequence.
148
tRNAscan-SE yields a list of genes containing both true tRNAs and tRNA-like sequences 149 such as pseudo-tRNAs and B2 SINE elements. Among these, we focused on the high 150 confidence set of tRNA genes as defined by the genomic tRNA database (n=405) (31, 32) . Due 151 to unique genomic sequences found in 5' leader and 3' trailers, pre-tRNA reads were less likely 152 to multimap to the genome and were used as a proxy for expression of the respective tRNA 153 genes. Of the 405 predicted high confidence tRNA genes, we were able to map pre-tRNAs 154 originating from 313 tRNA genes using Salmon (Supplemental File 1) (33). Additionally, we 155 used a different mapping strategy analyzing only the uniquely mapping reads in order to more 156 confidently identify the locus of origin for expressed pre-tRNAs, although this strategy may 157 underestimate the total number of expressed pre-tRNAs. Restricting the data to uniquely 158 mapping reads yielded a total of 244 tRNA genes with detectable pre-tRNAs from infected cells.
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Differential gene expression analysis revealed that pre-tRNAs are more abundant during 163 MHV68 infection ( Figure 2B , blue and orange circles). In fact, raw read count ratios alone (sum 164 of total reads per replicate compared to mock) displayed an increase in pre-tRNA reads present 165 in infected cells compared to uninfected cells ( Figure 2C ). It is likely that many of the highly 166 expressed pre-tRNA genes ( Figure 2B , blue circles) that are not in the high confidence tRNA 167 gene list ( Figure 2B , orange circles) are SINE retrotransposons, as B2 SINEs are robustly 168 induced during infection (20, 34) . Focusing on high confidence tRNA genes, we found many of 169 these loci produce more pre-tRNAs during infection ( Figure 2B , yellow circles; Figure 2C ). Yet, 170 while total levels of pre-tRNAs were higher in infected cells, we observed selectivity in which 171 tRNA genes were upregulated. Of the high confidence pre-tRNAs detectably expressed in 172 uninfected MC57G cells, approximately one-fifth were significantly upregulated during MHV68 173 infection, depending on the mapping strategy used ( Figure 2D shows results with Salmon: 43 174 out of 313 (13.7%), unique mappers: 63 out of 244 (25.8%), FDR<0.05). However, a general 175 trend of increased expression of pre-tRNAs was observed as judged by a fold change greater 176 than 2 ( Figure 2D shows results with Salmon: 141 out of 314 (44.9%); unique mappers: 158 out 177 of 244 (64.8%)). In general, at least one member of each tRNA isotype (tRNAs encoding the 178 same amino acid) were present in the differential hits, but not all isodecoders (tRNAs with the 179 same anticodon) were represented ( Figure 2E , Supplemental Figure 2 ). A triple A box motif that 180 is present in each RNAPIII-driven TMER locus encoded by MHV68 and in 10% of host tRNA 181 genes (35) was not enriched in the differential hits (Supplemental Figure 3 ).
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Unlike pre-tRNAs, the levels of most mature tRNAs did not change in a statistically 183 significant manner, suggesting that the upregulated pre-tRNAs do not undergo canonical 184 maturation (Supplemental File 1). In fact, only two high confidence tRNA genes (tRNA-Lys-TTT-185 2-2 and tRNA-Leu-TAA-3-1) showed significant differential expression at the level of the mature 186 tRNA transcript ( Figure 2B , green circles FDR<0.05). To validate these findings, we designed 187 northern blot probes to the 3' trailer or gene body specific to transcripts originating from tRNA-Leu-TAA-3-1 ( Figure 2F ). While pre-tRNA transcripts were elevated from the tRNA-Leu-TAA-3-1 189 gene in infected cells, levels of mature tRNAs did not change upon infection. We were not able 190 to design a probe specific for tRNA-Lys-TTT-2-2 transcripts, but using a probe that recognizes 191 members of the tRNA-Lys-TTT family did not show any differences in mature tRNA-Lys-TTT 192 expression during MHV68 infection ( Figure 2G ). Similarly, other tRNA families that we tested by 193 northern blotting, including tRNA-Phe-GAA and tRNA-Cys-GCA families, showed upregulation 194 at the level of the full-length pre-tRNA only ( Figure 2G ). 
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infection at each of the tested differentially expressed loci (tRNA-Tyr-GTA-1-3, tRNA-Leu-CAA-204 1-1, and tRNA-Leu-TAA-3-1) but remained unchanged at a tRNA gene not differentially 205 expressed (tRNA-Ile-TAT-2-3) and at 7SK ( Figure 3A ). RNAPIII abundance at the RNAPII-206 dependent GAPDH promoter was included as a negative control to show specificity of the 207 RNAPIII ChIP signal. These data suggest that there is an increase in RNAPIII recruitment to 208 select tRNA genes during MHV68 infection.
209
Maf1 is a well-studied negative regulator of transcription by RNAPIII whose activity is 
216
Thus, if the mechanism underlying MHV68 induction of pre-tRNAs involved antagonizing 217 Maf1-dependent repression, we reasoned that cells lacking Maf1 should no longer display a 218 difference in pre-tRNA levels between uninfected and infected cells. To test this hypothesis, we 
229
Even though the relative increases in pre-tRNA-Tyr levels were dramatically larger in 230 MHV68-infected cells compared to cells lacking Maf1 ( Figure 3B ,D), we were struck that the 231 increase in RNAPIII occupancy in these two scenarios was comparable ( Figure 3A ,C). To 232 explore the contribution of RNAPIII recruitment to pre-tRNA levels, we compared pre-tRNA 
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which has reduced host shutoff activity (41). muSOX is expressed with early kinetics, but its 249 mRNA depletion phenotype is most prominent at late stages of infection, coincident with 250 maximal pre-tRNA accumulation. We tested whether virus-induced mRNA decay contributes to 251 post-transcriptional accumulation of cellular pre-tRNAs by measuring pre-tRNA abundance in 252 MC57G cells infected with MHV68.R443I or the mutant revertant (MR) virus in which the R443I 253 was restored to wild type ( Figure 4A ). Similar to the vtRNAs, the levels of cellular pre-tRNA-Tyr 254 and pre-tRNA-Leu were lower levels in cells infected with the R443I mutant compared to MR 255 MHV68 ( Figure 4A ). In contrast, the viral ORF50 mRNA was slightly increased during the R443I 256 mutant infection, consistent with previous reports (41). To determine if these changes reflected 257 transcriptional output, we measured RNAPIII binding at two differentially regulated host tRNA 258 genes and the viral TMER2 locus during MR vs R443I infection ( Figure 4B ). RNAPIII abundance 259 was similar during infection with MR and R443I viruses, in stark contrast to the difference in pre-260 tRNA and vtRNA transcript abundance. This result suggests that the decreased abundance of 261 these transcripts in total RNA is not due to decreased levels of transcription. Collectively, these 262 data suggest that the mRNA decay phenotype associated with WT MHV68 infection is not 263 involved in transcriptional activation of tRNA loci, but instead stabilizes the unprocessed pre- pre-tRNA but not mature tRNA abundance. We did not detect increased expression across all 271 tRNA genes, but instead found a dramatic accumulation of pre-tRNAs from a subset of loci, 272 which may reflect differences in promoter accessibility, regulation and/or pre-tRNA processing.
273
Collectively, our data support a model whereby pre-tRNA accumulation during MHV68 infection 274 is driven by both RNAPIII recruitment and RNA stabilization ( Figure 5 ). We hypothesize that 275 early events in infection stimulate RNAPIII-driven transcription of specific tRNA loci, while 276 muSOX-induced depletion or relocalization of pre-tRNA processing machinery stalls further 277 canonical processing of these transcripts, leading to their build up late in infection ( Figure 5 ).
278
These findings are bolstered by early reports showing enhanced RNAPIII activity during DNA 279 virus infection, including for select tRNAs (12) (13) (14) (15) (16) (17) 27) , suggesting that manipulation of the pre-280 tRNA landscape is likely to be a conserved feature of numerous viruses.
282 283
Pre-tRNA steady state levels are dependent on both the production and stability of the 284 pre-tRNA transcripts. We performed Polr3A ChIP-qPCR and found that, for several tRNA 285 genes, increased pre-tRNA abundance was associated with higher levels of Polr3A occupancy 286 during infection. In contrast, a tRNA gene with constant pre-tRNA expression did not show changes in Polr3A binding. This confirms that transcriptional increases-at least at some tRNA 288 genes-contribute to pre-tRNA accumulation during infection. Whether this is true for all tRNA 289 genes associated with increased pre-tRNA levels remains to be determined. Additionally, 290 increased RNAPIII occupancy during infection suggests a mechanism involving RNAPIII 291 recruitment to specific tRNA genes, and raises the possibility that these tRNA genes are not 292 expressed to their full potential in uninfected cell populations. In support of this, there is 293 considerable overlap between tRNA genes upregulated during MHV68 infection with those 294 upregulated in cells lacking Maf1, a negative regulator of RNAPIII that prevents polymerase 295 recruitment (59 of 79 pre-tRNAs induced by MHV68 infection of MC57G fibroblasts were also 296 increased in Maf1-/-versus WT liver in (40)). However, Maf1 does not appear to play a pivotal 297 role in pre-tRNA accumulation during MHV68 infection.
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The mechanisms employed during MHV68 infection to increase RNAPIII recruitment 299 have not been identified. During EBV infection, TFIIIC subunit and Bdp1 protein levels increase, 300 along with transcripts for RNAPIII genes with type I and II promoters (7SL, 5S, tRNAs), but not 
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With the exception of selenocysteine tRNA (7), all tRNAs genes use the same internal 318 A/B box promoter architecture for transcription. However, based on differential binding of 319 RNAPIII, many studies have revealed that tRNA genes are not equally transcribed in 320 mammalian cells, as measured by the differential binding of RNAPIII (7-9). Genome-wide 321 studies examining chromatin accessibility, modification and transcription factor binding have 322 suggested that a driver of RNAPIII occupancy at tRNA genes is open and active chromatin, 323 typically in the vicinity of RNAPII transcription sites, yet the basis for differential RNAPIII binding 324 remains to be determined. (7, 8, 45, 46) . Further studies are also needed to assess how host 325 chromatin accessibility and modifications change during MHV68 infection. Interestingly, MHV68 326 infection leads to depletion of RNAPII-specific subunits, resulting in less RNAPII transcription of 327 the host genome during infection (42). There is some evidence of transcriptional interference 328 between RNAPIII and RNAPII bound at nearby genes, as depletion of the Rbp1 subunit of 329 RNAPII leads to upregulation of a subset of tRNA genes (47). It is possible that depletion of 330 RNAPII allows for increased recruitment of RNAPIII machinery. We hypothesize that a 331 combination of genome accessibility and transcription factor availability are associated with 332 tRNA transcriptional increases during infection.
333
Although tRNA gene transcription is elevated due to RNAPIII recruitment, the magnitude 334 of pre-tRNA abundance is unlikely to be explained by transcriptional activation alone. Instead, 335 our data suggest that pre-tRNA stability is also increased. While we have not been able to 336 measure pre-tRNA half-life directly (due to difficulty in robustly inhibiting RNAPIII in the required 337 short time frame of pre-tRNA processing), it is clear that pre-tRNAs accumulate dramatically 338 between 20-24 hpi, a time frame in which RNAPIII occupancy is unchanged. Infection-induced pre-tRNAs do not seem to be processed into mature tRNAs, as we found no evidence of 340 differential expression at the mature tRNA transcript level. Similarly, Maf1-/-tissues exhibit 341 upregulation of pre-tRNAs without significant changes to mature tRNA levels, suggestive of a 342 homeostatic mechanism to maintain the size of mature tRNA pools when tRNA gene 343 transcription is increased (40). In both of these cases, it is possible that the increase of pre-344 tRNAs upon transcriptional induction saturates processing machinery, an outcome well 345 established in yeast (48, 49) , resulting in their clearance (degradation) from cells. It was striking 346 that some pre-tRNA transcripts revealed in our study were much more highly expressed than 347 others. These pre-tRNAs might have specific modifications, unique structural characteristics, or 348 processing fates that render them inherently more stable in the cell or during infection. Knowing 349 the identity of these potentially hyper-stable pre-tRNAs will help guide studies to investigate 350 unique features and broaden our understanding of tRNA maturation and turnover.
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We hypothesized that tRNA processing and turnover machinery might be depleted in shut-off defective R443I virus, a phenotype not explained by changes in nascent pre-tRNA 364 levels or Polr3A abundance at tRNA genes. Viral TMER transcripts are also less abundant under these conditions (41), suggesting that the factors involved with pre-tRNA stability during 
